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Chapter 1 

Introduction 

1.1 General Statement 

The premature failure of highway pavements from substandard construction 

practices and materials is a major expense in terms of money, labor, and natural 

resources, and improved techniques are needed to mitigate this problem. Knowing the 

structural characterization of subgrade and base materials used in pavement systems is 

essential for developing better design and construction procedures. Standard guides for 

the design of pavement structures incorporate the correlation between resilient modulus 

and more traditional soil parameters such as stiffness, density, moisture content and 

material type. Making accurate assessments of the structural condition of roads during 

construction helps tremendously in locating weak areas prone to localized failure and 

correcting them prior to completion of the pavement. Knowledge of these failure-prone 

zones greatly facilitates maintenance and rehabilitation operations. 

After construction, it is generally assumed that pavements perform up to design 

standards. However, non-uniformity or variability in the structural characteristics of 

various pavement components and poor construction monitoring may lead to the 

formation of localized areas of premature distress in the form of rutting, cracking or other 

types of distress. Under repeated traffic loading and severe environmental conditions, 

these areas tend to deteriorate rapidly, leading to poor service conditions and 



necessitating early maintenance and rehabilitation. Recent studies have shown that the 

most effective method for controlling the premature failure of pavement is through proper 

inspection and in-situ testing of construction materials during construction [ I  j. 

Nondestructive testing (NDT) of the subgrade and base layers along the length of 

a project during and directly after construction aids in identifying localized problem areas 

where the stifhess of these materials deviates from the desired values. Dynamic response 

and pavement parameters, such as layer thickness, stiffness, modulus, moisture content, 

and density can be determined from NDT data. After calculating the variability in the 

characteristics of the subgrade and base material, potential problem areas can be 

identified and remedial measures taken during the construction process. By preventing 

premature distress, the overall service life of the pavement can be extended, thus 

conserving resources. 

1.2 Existing Methods Ensuring Quality of Highway Construction 

Pavement performance depends greatly upon the quality and variability of 

materials incorporated into the pavement structure. The carefbl monitoring of material 

quality and placement and the measured response of pavement layers during construction 

improves overall compliance to specifications and in-service performance of the 

pavement. Nondestructive testing procedures are the primary method used by the 

Strategic Highway Research Program (SHRP) for monitoring long-term pavement 

performance. While the use of deflection measurements to characterize base and 

subgrade structural capacity and to determine the elastic moduli of individual structural 



layers is becoming more widely accepted in the pavement community, the development 

of new equipment incorporating different techniques to measure this capacity has 

complicated the issue to some extent. 

In addition to equipment that measures deflection from induced loads, 

nondestructive devices such as Nuclear Density Gauges are used to measure density 

(ASTM D2950). A long-standing correlation exists between subgrade stiffness and 

density, with higher density generally being indicative of higher stiffness, though 

moisture and soil type can dramatically affect this correlation. Nuclear gauge testing 

requires only ten minutes for density determination. By having density data available on 

site, engineers can estimate the degree of compaction and provide better control during 

construction. Nuclear density readings are, however, limited to the upper 300 mm of 

material and greatly affected by non-uniformity withjn the various pavement layers being 

tested. Despite this shortcoming, Nuclear Density Gauges are considered to be a viable 

tool for maintaining quality assurance of the subgrade and base when used in conjunction 

with other nondestructive testing methods. 

1.3 Objectives 

Pavement structural desigy generally assumes that subgrade and base layers will 

be constructed with certain expected in-situ properties or characteristics. The type and 

thickness of base material used is based on laboratory test results obtained for existing 

subgrade materials, expected traffic loads, and the environment in which the pavement 

will provide service. Deficiencies and variability within these design parameters in the 



field is a major cause of reduced pavement performance. The success of nondestructive 

testing methods in assessing pavement condition and predicting pavement performance 

depends upon the quality and the reliability of data obtained from the various NDT 

devices. Since each device has its own unique set of operational characteristics and 

output data, direct comparisons are necessary on a variety of materials to determine the 

capabilities and limitations of each NDT, and to compare their effectiveness in assessing 

performance. 

The principal purposes of this investigation were to measure the structural 

characteristics of the subgrade and base on a section of US 35 with various NDT devices 

as the section was being constructed, and to compare the output of these devices in 

assessing structural conditions and variability. A series of nondestructive tests was 

conducted using a Nuclear Density Gauge, a Humboldt Stiffness Gauge, a German Plate 

Load Test, a Falling Weight Deflectometer (FWD), and a Dynamic Cone Penetrometer. 

A11 tests except for the German Plate Load test were conducted at 50-foot intervals along 

the driving lane of a 2000-foot-long test section after the subgrade and base were 

completed. The German Plate Load test was conducted at 100-foot intervals. Data 

obtained from these tests were used to compute soil parameters such as stiffness, unit 

layer load deflection, and layer moduli. The resilient modulus of the subgrade and base 

were determined in the laboratory according to the SHRP protocol. 



Chapter 2 

Project Background 

2.1 Project Site Description 

The 2000-foot long test section used for this project is a part of the new 

construction of eastbound US 35, undertaken by the Ohio Department of Transportation 

(ODOT). The project site is located in the village of Jamestown, Silver Creek Township, 

in Greene County. Construction work started at station 405+00 and ended at 683+00, 

spanning a distance of 5.265 miles. The section used for this project started at station 

410+00 and ended at station 430+00. 

This location was selected because of the presence of relatively uniform 

topographical and subsurface soil conditions. The pavement consisted of a four-lane 

divided highway comprised of 32-foot-wide lanes with a 1 0-foot-wide outside shoulder 

and a 6-foot-wide inside shoulder, having a pavement cross slope of 0.0156 Wft and 

shoulder cross slope of 0.0417 ftlft. Figure 2.1 provides a map of the project site. 

2.2 Subgrade 

Subgrade material was collected from the site and tested in the laboratory for 

Atterberg's limit, sieve analysis and moisture content. The soil was found to have the 

following values: 

Liquid limit = 22.8% 
Specific gravity = 2.4761 

Plasticity index = 6.1% 
Plastic limit = 16.7% 



Figure 2.1: Site Location 

By plotting the point where the plasticity index = 6.1% and the liquid limit = 

22.8% in the plasticity chart, as shown in Figure 2.2, the soil falls in CL-ML sector as per 

the Unified Classification System. The soil was therefore classified as silty clay material. 



Figure 2.2: Plasticity Chart 

Soil borings were examined at stations 418+00, 422+00 and 4261-00. The results 

from these bore logs are summarized in Table 2.1. 



Table 2.1: Soil Classification 

Summary of Soil Test 
Stationing Along U.S 35 

Location 

4 18+00 

From -To 

422+00 

% ACG 

1.0 -2.5 

3.5- 5.0 

6.0-7.5 

8.5- 10.0 

13.5 - 15.0 

%C.S 

Visual 

A-6 

Visual 

Visual 

Visual 

1 .O -2.5 Top  soil 2 6 

3.5- 5.0 

6.0-7.5 

8.5- 10.0 

13.5 - 15.0 

22 

A-4 
- 

Visual 

Visual 

%F.S 

1 

1.0 -2.5 

% Silt % Clay 

mot t l ed  g r a y a n d  brown s i l tyc lay . some  gravellittle s a n d  

4 

426+00 

10 52 23 

8.5- 10.0 

2 

17 

14 3 1 2 5 9 

same as 3.5- 5.0 16 

L.L P.L W . C  

same as 3.5- 5.0 

brown silt and clay, some sand 

same as 8.5 - 10.0 

11 

16 

2 0 

13.5 - 15.0 

Visual 

Classification 

6 

30  

12 

10 

same as 3.5- 5.0 

same as 3.5- 5.0 

same as 3.5- 5.0 

Visual 

29 

18 

28 

3.5- 5.0 

6.0-7.5 

63  A-6 

b r o w  sandy silt, some clay, little gravel 

same as 3.5- 5.0 

3 1 

36 

16 

19 

11 

Visual gray sandy silt, some clay 

60 

Visual 

Visual 

Visual 

14 



2.3 Initial Subgrade Moisture Content and Density 

The initial moisture content and density for the subgrade was taken along the 

centerline and right wheelpath of the eastbound driving lane at 50-foot intervals with a 

Nuclear Density Gauge. The results are summarized in Table 2.2. 

Table 2.2: Subgrade Density and Moisture Profile. 



717199 430+00 20+00 41 127 5 4.6 6 129 1 4 4 6 

Each data po~nt 1s the average of four one-rn~nute readings taken at 90 degrees from one another. 

The higher moisture readings recorded on 7/7/99 were due to rainfall the previous night. 



2.4 Dense Graded Aggregate Base (DGAB) 

The dense graded aggregate base used in this project conformed to the ODOT Item 304 

specification. ODOT 304 is an aggregate base that consists of crushed carbonate stone, 

crushed gravel, crushed air-cooled slag, granulated slag, a mixture of crushed and 

granulated slag, or other types of suitable material. This base has a tightly graded 

aggregate structure without any gaps in the gradation. Table 2.3 shows the gradation 

specification for ODOT 304 base material. This gradation creates a very dense base 

material that can be easily compacted. 

Table 2.3: ODOT 304 DGAB Distribution 

2.5 Initial Moisture Content and Density Data 

Sieve 

50 mm (2 inches) 

25.0 rnrn (1 inch) 

19.0 mm (314 inch) 

4.75 mm (No.4) 

600 pm (N0.30) 

75 pm (N0.200) 

The initial moisture content and density for the base was taken along the 

centerline at regular intervals of 50 feet using a Nuclear Density Gauge. The results are 

summarized in Table 2.4. 

Total percent Passing 

100 

70- 1 00 

50-90 

30-60 

9-33 

0-13 





2.6 Pavement design 

The test section was constructed using 6.0 inches of Dense Graded Aggregate 

Base (DGAB, ODOT item 304), 4.0 inches of non-stabilized drainage base with filter 

fabric (ODOT item 307), and 9.0 inches of reinforced concrete (ODOT item 451). 





Chapter 3 

Field Testing Using Nondestructive Testing Techniques 

3.1 Introduction 

One of the most significant advancements in the field of pavement evaluation has 

been the development of nondestructive testing techniques (NDT), which are used to 

determine in-situ subgrade and base layer characteristics. NDT data enable the 

calculation of various pavement parameters that help in predicting pavement performance 

and also act as a guideline for undertaking maintenance and rehabilitation work. 

The evaluation of subgrade and base stiffness using deflection-based NDT 

equipment involves the measurement of vertical deflection of the surface being tested as 

it deforms under an applied load. Subgrade and base parameters such as stiffness and 

elastic modulus can be calculated from these readings. Most current design procedures 

make use of deflection measurements and backcalculation techniques for determining 

pavement layer moduli. 

Traditional laboratory methods used to determine the physical properties of 

paving materials, to develop construction specifications and to monitor construction 

activity have failed to incorporate the actual response of the pavement under actual wheel 

loads and to account for in-situ environmental conditions. These drawbacks of laboratory 

testing have led to significant advances in NDT testing on site during construction. 

The nondestructive testing devices used for this investigation included: 



a) Humboldt Stiffness Gauge 

b) German Plate Load Test 

c) Falling Weight Deflectometer 

d) Dynamic Cone Penetrometer 

3.2 Humboldt Stiffness Gauge 

The Humboldt Stiffness Gauge (HSG) provides a simple, quick and accurate 

means of directly measuring stiffness of the upper lift of material. The stiffness of the 

subgrade and base is directly influenced by the degree of compaction, the moisture 

content of fine-grained material in these layers and the type of soil in the subgrade. 

The HSG measures impedance at the soil surface by generating vibrations at 100 

and 200 Hz that impart a very small change in the applied load [2]. The stiffness of the 

pavement material in resisting this load is detennined at each frequency and the average 

is displayed on the Stiffness Gauge display window. The entjre process takes about one 

minute. It has been found that, at low frequencies, the impedance at the surface is 

stiffness controlled. If a Poisson's ratio is assumed and knowing the HSG's physical 

dimensions, shear and elastic modulus can be derived for the base and subgrade. The 

HGS weighs about 10 kg, is 28 cm in diameter, 25.4 cm tall and rests on the soil surface 

via a ring-shaped foot, as shown in Figure 3.1. 



Figure 3.1: Humboldt Stiffness Gauge 

Sinall deflections generated by the HSG are given the symbol 6, which is 

proportional to the outside radius of the ring foot (R), the elastic modulus (E), the shear 

modulus (G) and the Poisson's ratio (u) of the soil. The stiffness of the layer being tested 

is the ratio of the force to the displacement: K= P/6. The HSG generates soil stress levels 

commonly experienced by the base and subgrade (1 92 Pa or 4 psi). 

Test Procedure 

The HSG was placed firmly on the soil surface, which itself required little or no 

preparation. A 60% minimum contact area between the HSG foot and soil was required. 

On particularly hard or rough surfaces, less than !4 inch of moist sand or local fines was 



used to ensure adequate contact between the HSG and the surface, and to provide a 

uniform surface for the HGS. Once firm contact had been established. readings were 

taken by pressing the "Measure" button. Each stiffness reading took about one minute. 

3.3. German Plate Load Test 

German Plate Load testing is a procedure in which the sequential loading and 

unloading of soil is done by means of a load plate through a pressure application device 

[3]. Settlement of the plate is measured as the load is applied and released. 

The Plate Load equipment consists of a load plate, a pressure application device with an 

oil pump, a single action hydraulic press, and a high-pressure hose. The load piates are 

- made of steel of at least grade ST 52.0, and the bottom of the plate must be flat. A load 

plate with a diameter of 300 mm and a thickness of 25 mm was used for this project. A 

load application offset device (counter weight) producing a 10 KN load or greater is 

necessary to provide the required reaction: heavy trucks are most often used for this 

purpose. 

The settlement measurement device used with the German Plate Load test 

consisted of a dial gauge conforming to DIN 878. with a scale gradation value of 0.01 

mm and a minimum measurement range of 10 mm. 

Test Procedure 

Before beginning the Load Plate test, the area of ground selected for testing was 

made as flat and level as possible and loose particles were removed. The plate had to 



properly rest on the surface with no cavities below the plate. The area of contact between 

the plate and the soil surface had to be more than 60%. Figure 3.2 shows the set-up of the 

German plaqe load test. 

The loading setup is shown in Figure 3.3. Each level of load was sustained for an 

equal time increment. A change in load between loading stages was completed in less 

than one minute. In the load relief stage, the load was removed from the plate in three 

stages of 50%, 25% and 0% of the maximum applied load. A second loading cycle was 

applied only after the complete load removal from the earlier loading sequence. This 

comprised one load application cycle. Settlement measurements for each load increment 

and load relief cycle were taken using the dial gauge. 

Drawbacks of the German Plate Test include the lengthy time required to 

complete each test. The deflections being measured, which include material creep, are 

static and do not accurately represent the response of the pavement structure to moving 

vehicles. 



Figure 3.2: Assembly of the German Plate Load Device. 

Figure 3.3: Load Application using the German Plate Load Test. 



3.4 Falling Weight Deflectometer (FWD) 

The Falling Weight Deflectometer (FWD) is a nondestructive testing device 

widely used for pavement testing, research and construction monitoring. Many test 

programs have been established to monitor subgrade construction and pavement 

performance by using the Falling Weight Deflectometer as the primary tool for assessing 

changes in layer properties and stiffness. 

The Falling Weight Deflectometer (FWD) delivers a transient force impulse to the 

pavement layers by raising a weight to the desired height on a guide system and dropping 

it onto the 300-mm diameter circular footplate. By varying the mass of the weight or the 

drop height or both, the impulse load on the layer surface can be varied between 30 kn. 

and 110 kn. for standard FWDs, such as that used by ODOT, and between 30 kn. and 250 

kn. for heavy-duty FWDs. Between four and nine sensors measure the deflection of the 

layer surface induced by the applied impulse load. The first sensor is mounted at the 

center of the footplate, while the remaining sensors are positioned at various radial 

distances up to 2.5 meters from the load center. A11 recorded peak deflections are 

displayed on the FWD monitor and stored for subsequent downloading. 

The Model 8000 Dynatest Falling Weight Deflectometer (FWD) used for this 

research weighs about 2500 pounds and is a trailer-mounted NDT device capable of 

being towed by a suburban type vehicle or truck at regular highway speed. The FWD is 

pictured in Figure 3.4. The transient pulse-generating device consists of a trailer-mounted 

frame capable of directing different sets of mass configurations to fall fi-om a 



predetermined height at right angles to the surface. 

Figure 3.4: Trailer Mounted Falling Weight Deflectometer. 

Test Procedure 

The FWD device was positioned at the test point. The footplate and seven sensors 

spaced 0, 8, 12, 18, 24, 36, and 60 inches away from the center of the loaded area were 

then lowered onto the layer being tested, as shown in Figure 3.5. Pressure was applied by 

dropping the desired weight from a selected height. After the data had been recorded, the 

device was moved to the next site. A typical test cycle requires about one minute to 

complete. 



Figure 3.5: The FWD Sensors 

3.5 Dynamic Cone Penetrometer 

The Dynamic Cone Penetrometer (DCP) is a quick, simple, automated field test 

method for evaluating the in-situ stiffness of existing highway pavements. The greatest 

advantage associated with the DCP is its ability to penetrate into underlying layers and 

accurately locate zones of weakness within the pavement structure. It measures the 

strength and stiffness of unstabilized base and subgrade layers. The unit has software for 

storing DCP data. 



Test Procedure 

The Dynamic Cone Penetrometer (DCP), shown in Figure 3.6, generates 

sufficient energy to drive a rod up to 1.2 m into the pavement structure by striking the 

head of the rod with an 8-kilogram weight falling a distance of 574.0 mm. The rate of 

penetration is continuously monitored with depth. Measuring the stiffness of each layer 

gives a clear profile of the underlying support layers. While the resistance to a driven rod 

may not be indicative of the actual load-carrying capacity of the layers, weaknesses 

within the layered structure can be quickly identified. When the DCP rate of penetration 

exceeds established criteria, a zone of weakness is indicated. Testing the subgrade to a 

depth of 1.2 m requires about five minutes. 

Figure 3.6: Dynamic Cone Penetrometer 



3.6 Laboratory Testing 

The laboratory test procedures utilized in this investigation complied with 

standard SHRP PROTOCOL P-46. 

Equipment 

Resilient modulus tests were conducted in the OU-ORITE laboratory. Tests were 

performed using the resilient modulus test system, which has a sophisticated triaxial 

chamber, an Electro-servo controlled actuator, computer signal conditioning, load 

command generation and a data acquisition system. The load was applied from the top 

using the closed loop electrohydraulic testing machine with a hnction generator. The 

haversine-shaped load pulse was applied in repeated cycles consisting of a 0.1 second 

load duration and a 0.9 second rest period. The detailed methodology of conducting the 

resilient modulus test of unbound granular baselsubbase materials and subgrade soils can 

be found in SHRP PROTOCOL P46. 

Test Procedure 

The resilient modulus of the subgrade material was determined by applying 

confining pressures of 6 psi, 4 psi and 2 psi for five sequences, each consisting of 100 

cycles. Table 5.6 in chapter 5 lists the resilient modulus, bulk stress, applied deviator 

stress, moisture content and dry density at which the tests were performed. The subgrade 

material was tested twice to check the repeatability of the results. 



Resilient modulus tests on the base material were performed by applying 

confining pressures of 3 psi, 5 psi, 10 psi, 15 psi and 20 psi for three sequences of 100 

cycles. The tests were performed twice to ensure consistent results. 



Chapter 4 

Analysis of Field Data 

4.1 Humboldt Stiffness Device 

During testing of the subgrade and base materials in the field, four separate 

readings were taken and averaged together for the subgrade and base at 50-foot intervals. 

The stiffness value obtained at each location, which was directly displayed in the 

Humboldt Stiffness Gauge display window, was recorded in MN/m. 

Stiffness values were computed with the Humboldt Stiffness Device using the 

following equation: 

Where, 

K = stiffness (lb./in) 
P = load in pounds 
6 = Deflection 

After calculating the stiffness (K), knowing the radius (R), and assuming 

Poisson's ratio (u) = 0.4, the modulus (E) can be calculated with Equation 4.2. Since the 

influence zone for the Stiffness Gauge is limited to a &inch depth, the modulus of 

compacted subgrade and base materials must be calculated from data obtained on the 

surface of those layers. 



Where, 

E = Modulus 
K = stiffness 
R = radius of the HSG ring = 2.25 inches 
u = Poisson's ratio = 0.4 
P = load in pounds 

4.2 German Plate Load Test 

Raw deflection data collected with the German Plate Load device are summarized 

in Appendix B. Settlement measured on the subgrade and base at each loading and 

unloading sequence was utilized for calculation purposes. Stiffness (lb./in), modulus 

(psi), and unit load layer deflection were calculated from the raw data using Equations 

4.3 - 4.8 for both the first sequence of loading and also for the second sequence of 

loading. 

The subgrade and the composite stiffness of the entire base layer, which includes 

the depth of the subgrade required to support the applied load test, were calculated using 

P xRE, 
the equation K = - = 

6 2(1-v2) 

The subgrade modulus for the Plate Load Test device was computed using 

Equations 4.5 - 4.7, which were used to evaluate the modulus of a two-layer 

system of base and subgrade directly under the center of the loading plate, were obtained 



from the concept of Odemark and Boussinesq [4], which is also known generally as the 

"method of equivalent thickness". This method consists of transforming a system of n 

layers of different layer moduli into a single layer of equivalent stiffness where all layers 

have the same modulus. When calculating the base modulus for the German Plate Load 

Test and the Falling Weight Deflectometer, the influence of the applied load, which 

extends to a @eat depth into the subgrade layer, makes it necessary to adopt the method 

of equivalent thickness to calculate the modulus of the base layer. 

For a two-layer system of base and subgrade, the deflection Do, 2, located directly 

under the center of the load plate on the top of the base, was approximated using equation 

4.5. 

Where, 

Do = deflection (inches) 
q = pressure (psi) 
a = radius (inches) 
E2 = Base modulus (psi) 
E3 = Subgrade modulus (psi) 
Fb = Boussinesq Deflection Factor, calculated using Equation 4.6. 

Where, 



he = equivalent thickness of subgrade to replace base in inches in order to maintain the 

stiffness equivalent to that of the base, determined using Equation 4.7. 

Where, 

h2 = thickness of base (inches) 
EZ = base modulus 
E3 = subgrade modulus 

The unit load layer deflection on the subgrade and base material along the 

centerline at each station was calculated using Equation 4.8: 

L 
Unit deflection = - 

'iA 
Where, 

6 is the deflection measured at the site 
P is the load applied in pounds (Ib.) 
A is the area of the circular steel plate in inches squared (in2) 

4.3 Falling Weight Deflectometer 

Deflection measurements for each set of FWD drops were recorded using seven 

geophones placed at various distances from the center of the loaded area. Deflections 

measured at the center of the load plate were used to calculate modulus and stiffness. 

These parameters were calculated using Equations 4.3 - 4.8, which were also used for the 

German Plate Load test. 



4.4 Dynamic Cone Penetrometer (DCP) 

The DCP drives the penetrometer rod into the ground using constant energy for 

each blow, and the penetration index determined with the DCP is calculated as a running 

depth of penetration per blow. After determining the penetration index, Equations 4.9 and 

4.10 were used to calculate CBR and the subgrade and base modulus (MR). From these 

equations two modulus values were obtained. The upper limit value was calculated by 

adding 0.075 and the lower value was obtained by subtracting 0.075, as shown in 

equation 4.9. 

log (CBR ) =  2.200 - 0.71 (log PI r.5 f 0.075 

Where PI = DCP Penetration Index (mm/blow) 

M R =  1.2 CBR 





Chapter 5 

Test Results and Discussion 

This chapter presents stiffness, modulus, and unit deflection results calculated 

from data obtained from three different NDT devices and the Dynamic Cone 

Penetrometer, as well as laboratory tests. Tables presented here record the stiffness and 

elastic modulus values of the subgrade and base layers in the test section on US 35 

selected for this project. Figures are included to show graphically how the stiffness and 

modulus of the subgrade and base layers vary along the length of the section. 

Tables 5.1 and 5.2 summarize the stiffness and elastic modulus values for the 

subgrade and base layers, as calculated from data obtained via the Humboldt Stiffness 

Gauge, the German Plate Load Test and the Falling Weight Deflectometer (FWD). The 

subgrade and base stiffness values for all the NDT devices were calculated using 

equation 4.3. The subgrade and base modulus values for the Stiffness Gauge were 

computed using equation 4.2. The subgrade modulus values for the German Plate Load 

test and the Falling Weight Deflectometer were calculated using equation 4.4. In 

calculating the base modulus with the data Erorn these devices, the "method of equivalent 

thickness" approach was followed using equations 4.5 through 4.7. The iterative method 

that was followed in calculating the base modulus for the Falling Weight Deflectometer 

and the German Plate Load test is presented in Appendices B and C. 



For the German Plate Load test, the stiffness and elastic modulus of the subgrade 

and base layers were calculated using deflection data measured while the maximum 

normal stress was applied to the plate, which was approximately 4600 lb. 

It should be noted here that deflection data were recorded by the Falling Weight 

Deflectometer at load ranges of 3500 - 4500 lb. and 6500 - 9000 lb. Subgrade and base 

modulus and stifhess were calculated for both load ranges. 

Table 5.1: Stiffness and Modulus of Subgrade 

410.00 
410.50 

41 1 .OO 

41 1.50 

FWD (Small Load) FWD (Large Load) 

Stiffness 
Lb./in 

Stiffness 
Lb./in 

970864* 
591197 

95505 1 * 
360942 

Modulus 
Ksi 

Stiffness Gauge 

Modulus 
Ksi 

87.92* 
53.54 

86.49* 

32.69 

stiffness 
Lb./in 
143482 
139990 

171955 

83772 

Modulus 
Ksi 

30.30 
29.5 1 

36.32 

17.77 

1167681* 1 105.75* 
445534 

933 120* 

298820 

40.35 

84.50* 

27.06 



Notes: 
FWD and Stiffness Gauge readings were taken at 50-foot intervals. 
Because of a low battery, Stiffness Gauge readings could not be obtained beyond Station 425+00 on the subgrade. 
V- Coefficient of Variation 
* - These values are considered to be outliners and were omitted from the Mean and 

V calculations 

429.50 1 

I Station I Stifmess I Modulus I Stiffness I Modulus I Stiffness I Modulus I 

19.40 
0.30 

430.00 
Mean 

V 

Table 5.2: Composite Base Layer Stiffness and Modulus of Base 

91824 
0.30 

Stiffness Gauge 

54456 
268021 
234415 

1.10 

FWD (Large Load) I FWD (Small Load) 

4.93 
24.27 
21.23 
1.10 

30600 
292593 
213594 

1.10 

2.77 
26.50 
19.34 
1.10 



Notes: 
FWD and Stifhess Gauge readings were taken at 50-foot intervals. 
V- Coeff~cient of Variation. 

* - These values are considered to be outliers and were omitted from the Mean and V calculations. 

Table 5.3: Stiffness and Rlodulus with the German Plate 



Note: 
V- Coefficient of Variation. 

* - These values are considered to be outliers and were omitted from the Mean and V calculations. 

Figures 5.1 and 5.2 graph variations in subgrade and base stiffness resulting from 

non-uniformity in the material properties of these layers and the different nondestructive 

testing methods. 

The stiffness values in figures 5.1 and 5.2 for the subgrade and base layers show 

generally lower stiffness values for the German Plate Load test and the Stiffness Gauge 

as compared to the Falling Weight Deflectometer. The lower Geman Plate results could 

be due to disturbance of the in-situ properties of the soil as the load plate was being 

seated and the static nature of the loads being applied. By applying a small load over a 

small contact area, the effectiveness of the Stiffhess Gauge is limited to the upper six 

inches of the layer being tested. Overburden pressure tends to cause Iayers at greater 

depth to have higher stiffness values. Due to the six-inch depth measurement limitation, 

the Stiffness Gauge does not register these high stiffness values. 



409.50 414.50 419.50 424.50 429.50 

Station 

* Falling Weight(1argest) --+- Stiffness Gauge 4- German Plate Test - FWD(SMALL) 

Figure 5.1: Subgrade Stiffness Plot 

409.50 414.50 419.50 424.50 429.50 

Station 

-t Falling Weight(sma1lest) + Falling Weight(1argest) 
+ Stifbess Gauge + G e m  Plate Test 

Figure 5.2: Stiffness Data for Composite Base Layer 



Figure 5.3 compares subgrade and base moduli measured with the Stiffness 

Gauge along the length of the test section. As the graph shows, the base modulus values 

were consistently higher than the subgrade moduli, except between stations 410+00 to 

41 1+00. The Falling Weight Deflectometer, German Plate test and Dynamic Cone 

Penetrometer results also showed lower base moduli in this same area. The plots indicate 

that the subgrade layer is stiffer from station 410+00 to station 41 1+00. 

Station 

-+- subgrade -+ base 

Figure 5.3: Subgrade and Base Modulus Values for the Stiffness Gauge 

To compare the extent of variability in the subgrade and base moduli observed 

from the results of the German Plate Load test, these values of both the loading cycles 



were plotted along the section length, as shown in Figure 5.4a and 5.4b. From these 

graphs, it can be observed that the subgrade moduli are more uniform and higher in the 

first loading cycle than the base moduli. The lower base moduli in the first cycle may 

have resulted fiom poor surface contact between the load plate and the rough surface of 

the base layer. But the base modulus values obtained fiom second cycle are more realistic 

and seem to represent the in-situ properties. 

4 10.00 415.00 420.00 425.00 430.00 

Station 

-t Subgrade + Base 

Figure 5.4a: Modulus values of first cycle For German Plate Load Test. 



Stations 
+ Subgade (2nd cycle) *- Base( 2nd cycle) 

Figure 5.4b: Modulus values of second cycle For German Plate Load Test. 

Figures 5.5a and 5.5b give a comparison of subgrade and base moduli along the 

test section, as calculated from data obtained with the Falling Weight Deflectometer at 

two load levels. In general, the base moduli were higher than the subgrade moduli, with 

occasional exceptions, including the entire 200-foot length between stations 41 0+00 and 

4 12t-00. 



Station 
-+ Subgrade -+ Base 

Figure 5.5a: FWD (Small Load) Modulus Values for Subgrade and Base 

4 10.00 415.00 420.00 425.00 430.00 

Station - Base -t Subgrade 

Figure 5.5b: FWD (Large Load) Modulus Values for Subgrade and Base 



Graphs of the Dynamic Cone Penetrometer test results showing variations in the 

subgrade and base modulus with depth at each station along the test section are presented 

in Appendix B. Figures 5.6a-b are presented here, however, to illustrate the variation of 

the resilient modulus of the subgrade and base at station 420+00. These graphs show very 

low modulus values, which indicate the presence of weak subsurface conditions. The 

Falling Weight subgrade and base modulus values obtained at station 420+00 also are 

relatively smaller. Proper care should be taken at these locations to compact the layers in 

order to correct the weakness. Subgrade and base modulus values were calculated from 

the DCP data using equations 4.9 and 4.10. As mentioned in chapter 4, two sets of 

modulus values for subgrade and base showing the upper and lower limits for the values 

were calculated from Equation 4.9. 



200 ' , l l l l , I , I m i l  

0 50 1 00 150 200 250 

Mr (ksi) 
+- Upper Limit + Lower Limit 

Figure 5.6a: Subgrade Modulus versus Depth at Station 420+00 

0 20 40 60 80 100 120 140 160 180 

Mr (ksi) 

-t Upper Limit + Lower Limit 

Note: The base layer is comprised of 6 inches of standard 304 DGBA. 

Figure 5.6b: Base Modulus versus Depth at Station 420+00 



Figures 5.7a and 5.7b depict the variation in unit deflections of the subgrade and 

base layers computed using the Falling Weight Deflectometer and the German Plate Load 

test data. These graphs plot the unit deflections at each station along the length of the test 

section. The unit deflection for each layer was calculated using equation 4.8. 

Station 

+ Subgrade -+- Base Material 

Figure 5.7a: Normalized FWD Deflection with Large Load 



4 10.00 415.00 420.00 425.00 430.00 

Station 

-+- subgrade -+- finished base 

Figure 5.7b: Normalized Deflection from German Plate Load Test 

Field Test Results 

The calculated elastic modulus for the Stiffness Gauge and the German Plate 

Load test, as presented in Tables 5.1 and 5.2, ranged from 0.1 - 105 ski, whereas the 

elastic modulus calculated using the Falling Weight Deflectometer ranged from 2 to 250 

ski. This difference in the modulus values results obtained from several nondestructive 

devices is primarily due to the difference in the magnitude and the nature of load applied 

by each type of NDT device. The Stiffness Gauge and German Plate Load test, devices 

that apply a small magnitude load that is more static in nature, fail to record the response 

of the subgrade and base properties at greater depths, whereas the dynamic load applied 

by the Falling Weight Deflectometer allows the response of the layers to be measured to 



a greater depth. This is why different devices provide dramatically different stiffness 

responses at the same location on the pavement structure. If the upper layer has been 

compacted to a greater stifhess than the lower layers, NDT devices using lighter loads 

should give higher in-situ stiffness than devices applying heavier loads. Conversely, 

heavier loads will give higher stiffness measurements than lighter loads when the 

underlying layers are stiffer than the top layer. 

Figures 5.1, 5.2, 5.5a, 5.5b and 5.7a, which summarize the response of the Falling 

Weight Deflectometer along the section length, and Figures 5.6a and 5.6b, which show 

the Dynamic Cone Penetrometer response at station 420+00, clearly denote lower 

subgrade and base stiffness values and elastic modulus values along stations 419+50 

through 424+50. Figure 5.7a-b, which show the unit deflection at each station, illustrate 

higher subgrade and base deflection between station 419+50 and 424+50. These high 

deflections, coupled with poor stiffness and modulus values along this 500-foot section, 

indicate lower strength of the subgrade and base layers. This calls for proper remedial 

measures to avert premature distress along this test section. 

The moisture, dry density and stiffness data for the subgrade and base layers are 

plotted in Figures 5.8a-b and 5.9a-b. Figures 5.8a and 5.8b indicate that higher moisture 

contents produced lower subgrade stiffness values, irrespective of high dry density. The 

moisture content of the base did not vary much along the test section. Figures 5.9a-b 

show that higher stiffness values resulted when moisture content was lower and dry 

density higher. 



Note: Plotted at every 100 ft 

+ 40,000 
I 

t 
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I 

122.00 124.00 126.00 128.00 130.00 132.00 134.00 136.00 

dry density(pcf) 

Figure 5.8a: Relationship between Subgrade Stiffness and Dry Density 

Note: Plotted at every 100 ft 
200,000 - -- I----- I 

Moisture Content (%) 

Figure 5.8b: Relationship Between Subgrade Stiffness and Moisture Content 



Note: Plotted at every 100 ft 
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dry density (pcf) 

Figure 5.9a: Relationship between Base Stiffness and Dry Density 

Note: Plotted at every 100 ft 
- 

I 
1 
1 

moisture content (%) 

Figure 5.9b: Relationship between Base Stiffness and Moisture Content 



Laboratory Resilient Modulus Test Results 

Resilient modulus is defined as the ratio of deviatoric stress caused by the moving 

traffic loads to the recoverable strain. The resilient modulus property of the pavement 

material describes the resilient deformation and the state of stresses the pavement layers 

experience under traffic loads. In order to study the effect of stress on the deformation of 

the pavement materials, several graphs of buIk stress versus resilient modulus for 

subgrade and base layer are presented here. 

The results of the laboratory tests on the subgrade are summarized in Table 5.6. 

The moisture content, dry density and sequence in which the confining pressures were 

applied during the test are also given. 

Table 5.4a: Resilient Modulus Test Summary for Subgrade Soil (A-6) 

Moisture Content = 5.8%(Lab.), 4.4 % (Field) 
Laboratory Dry Densiv136.5 pcf 
Field Dry Density = 136.0 pcf 
Station 4 15+50 

Confining 
Pressure 

Psi 
6.0 
6.0 
6.0 
6.0 
6.0 
4.0 
4.0 

Applied Deviator Stress 

Psi 
2.998 
6.008 
8.968 
11.476 
14.033 
2.862 
5.997 

Bulk Stress 

Psi 
20.998 
24.008 
26.968 
29.476 
32.033 
14.862 
17.997 

4.0 
4.0 
4.0 
2.0 
2.0 
2.0 
2.0 
2.0 

Resilient Modulus 

Psi 
13953.0 
14420.0 
141 16.0 
13125.0 
12785.0 
16824.0 
13467.0 
13 189.0 
12812.0 
12148.0 
19789.0 
12208.0 
12453.0 
12103.0 
12034.0 

8.587 
11.558 
14.017 
2.726 
6.466 
9.159 
11.721 
14.344 

20.587 
23.558 
26.017 
8.726 
12.466 
15.159 
17.721 
20.344 



Table 5.4b: Resilient Modulus Test Summary for Subgrade Soil (A-6) 

Moisture Content = 8.5% (Lab.), 6.7 % (Field) 
Laboratory Dry Density = 128.5 pcf 
Field Dry Density = 130.2 pcf 
Station 422+50 

Figures 5.10a and 5. lob illustrate the relationship between Resilient Modulus and 

bulk stress for the subgrade layer. 

Resilient Modulus 

Psi 
12136 

9946 

8879 

8178 

7868 

12239 

9347 

8346 

7873 

778 1 

12403 
902 1 
8092 

7822 

7478 

Bulk Stress 

Psi 
20.618 
23.841 

26.287 

28.617 

30.861 

14.59 

17.841 

20.143 

22.53 1 
24.861 

8.532 
1 1.778 
14.085 

16.387 

18.861 

Pressure 
Psi 
6.0 
6.0 

6.0 
6.0 

6.0 
+ 

4.0 

4.0 

4.0 

4.0 

4.0 

2.0 
2.0 
2.0 

2.0 
2.0 

Applied Deviator Stress 

Psi 
2.61 8 

5.841 

8.287 

10.617 

12.861 

2.59 

5.841 

8.143 

10.531 
12.861 

2.532 
5.778 
8.085 

10.387 

12.861 



10 

Bulk Stress, psi 

Figure 5.10a: Relationship between Resilient Modulus and Bulk Stress 

10 
Bulk Stress, psi 

Figure 5.10b: Relationship between Resilient Modulus and Bulk Stress. 



The Resilient Modulus test results for the base material are summarized in tables 

5.5a and 5.5b. 

Table 5.5a: Resilient Modulus Test Summary for Base Material 
Moisture Content = 1.2% (Lab.) 1.2%(Field) 
Field Dry Density = 132.04 pcf 
Laboratory Dry Density = 130.0 pcf 

Table 5.5b: Resilient Modulus Test Summary for Base Material 
Moisture Content = 1.2% (Lab.) 1.4% (Field) 
Field Dry Density = 129.7 pcf 
Laboratory Dry Density=13 1.0 pcf 
Station = 422+50 

Resilient Modulus 

Psi 

7973 

8962 

9563 

9630 

1067 1 

11318 

12700 

14612 

16673 

14073 

15312 

19080 

16590 

I 7864 

Psi 

3.0 

3.0 

Bulk Stress 

Psi 

13.156 

17.222 

21.079 

2 1.745 

28.072 

34.285 

42.949 

54.535 

64.635 

57.792 

63.782 

79.339 

78.524 

84.1 72 

Station = 4 15+ 00 
Confining Pressure 

Psi 

3.0 

3.0 

3 .O 

5.0 

5.0 

5.0 

10.0 

10.0 

10.0 

15.0 

15.0 

15.0 

20.0 

20.0 

Confining Pressure 

Applied Deviator Stress 

Psi 

4.156 

8.222 

12.079 

6.745 

13.072 

19.285 

12.949 

24.535 

34.635 

12.792 

18.782 

34.339 

18.524 

24.1 72 

Bulk Stress Applied Deviator Stress 

Psi 

4.223 

8.321 

Resilient Modulus 

Psi 

13.223 

17.321 

Psi 

7791 

8546 



Figures 5.1 1 a and 5.1 1 b highlight the increase in resilient modulus values for the 

base layer with the steady increase in bulk stress. 

10 

Bulk Stress, psi 

Figure 5.1 la: Relationship between Resilient Modulus and Bulk Stress 



10 

Bulk Stress, psi 

Figure 5.11b: Relationship between Resilient Modulus and Bulk Stress 

Determination of Subgrade Resilient Modulus by Empirical Method 

In Ohio soils are primarily classified based on the Atterburg's limits and 

gradation. After determining the gradation and Atterburg's limit of the soil, the following 

procedures is followed to determine the subgrade resilient modulus as mentioned in 

Roadway Design Manual of Ohio Department of Transportation [ 5 ] .  

Determine the Group Index from Figure 701-2. 

Determination of California Bearing Ratio from Figure 701 -3 

Calculate the resilient modulus based on equation in the Figure 701-3. 



The subgrade soils in this project had the following gradation and Atterburg's limits 

50% passing No. 200 sieve 

Liquid Limit = 22.8 

Plastic limit = 16.7 

Plasticity Index = 6.1 

Determination of the resilient modulus values. 

Group Index = 4 

CBR value = 8 

Resilient Modulus = 1200 * CBR psi 

= 1200 * 8 = 9600 psi. 

Laboratory Test Results 

The laboratory test results on the subgrade showed a wide variation in the resilient 

modulus values because of the varying moisture content. The test conducted at a moisture 

content of 8.5% recorded lower average resilient modulus of 9 ksi when compared with 

the results from the test conducted at a 5.5 % moisture content that recorded 13 ksi as the 

average resilient modulus. This indicates that soils containing high clay content are very 

susceptible to the effect of moisture, resulting in lower resilient modulus values with high 

moisture content. As expected, the effect of the moisture content on the base was 

insignificant. 

It is evident from Figures 5.1 1 a and 5.1 1 b for the bulk stress vs. resilient modulus 

that the resilient modulus values for untreated aggregate base depend on the stress state. 



These graphs indicate a proportional increase in the resilient modulus values with the 

steady increase in bulk stress. An average resilient modulus of 10 ksi was recorded at a 5 

psi confining pressure and an average resilient modulus value of 17 ksi was recorded at a 

confining pressure of 20 psi. 

It should be noted that the resilient modulus values obtained from laboratory 

testing of the subgrade and base material are not equal to the elastic modulus values 

calculated from the deflection measurements obtained through various non-destructive 

testing methods. The resilient modulus values obtained from the laboratory results were 

less than the modulus values computed from various non-destructive testing devices. 

These variations in values arise from the difference in loading conditions between the 

field and the laboratory, as well as the differing boundary conditions for field and 

laboratory testing. 





Chapter 6 

Summary and Conclusions 

Variability in subgrade and base layer stifhess can be a major cause of premature 

localized distress in pavement structures and often can be attributed to the nonuniformity 
t 

of materials, subgrade moisture and construction practices. This investigation focused on 

the measurement of subgrade and base stiffness with the Falling Weight Deflectometer 

(FWD), the Humboldt Stiffness Gauge and the German Plate Load Test on an actual 

highway construction project to determine their effectiveness in evaluating the structural 

integrity of these layers. 

In this study, base stiffness refers to a composite of the entire base layer and 

whatever depth of subgrade is required to support the applied test load and base modulus 

refers to the base layer alone. While this distinction is important when discussing 

stiffness and modulus determined with the FWD and German Plate Load Test, it is less 

significant with the Humboldt Stiffness Gauge, which only monitors the upper six inches 

of material. Tables 5.1, 5.2 and 5.3 summarize values for stiffness and modulus 

calculated with these devices at individual points along the test strip during construction 

of the subgrade and base. Despite the wide range of results, a few values were considered 

to be quite unrealistic. They were marked with an asterisk and omitted in the calculations 

of mean and variation. 



The large variation within each data set makes it difficult to compare mean values 

when the three devices collected data at different locations; i.e., 1) because of a low 

battery, the Stiffness Gauge was not used on the subgrade beyond Station 425, and 2) 

because of the time required to conduct each test, the test interval used with the German 

Plate was 100 feet rather than the 50-foot interval used with the other devices. Therefore, 

adjusted means and variations were calculated for each data set using only those 15 

locations on the subgrade and only those 16 locations on the base where valid data were 

available for all three devices and all test conditions. These values are shown in Table 

6.1. 

Table 6.1 -Stiffness and Modulus Adjusted for Common Stations 

Stiffness Gauge Falling Weight Deflectometer Gennan Plate Test 
Large Load Small Load First Cvcle Second Cvcle 

Stiffness --------- Modulus Stiffness Modulus Stiffness Modulus Stiffness Modulus Stifkess Modulus 
Lb./in. Ksi Lb./in. Ksi u. Ksi Lb./in. Ksi Lb./in. Ksi - - 

Subgrade (I 5 stations) 
Mean 88,758 18.75 249,703 22.61 210,785 19.09 131,889 11.96 153,795 13.93 

Variation 0.25 0.25 0.77 0.77 0.63 0.63 0.82 0.82 0.73 0.73 

Composite Base (I6 stations) 
Mean 129736 27.41 252,747 36.22 257,114 40.97 67,793 16.87 206533 44.50 

Variation 0.23 0.23 0.55 0.64 0.67 0.84 0.49 1.45 0.55 0.67 

The conclusions of this study, drawn from Table 6.1, are presented below: 

1. Average Stiffness and Modulus 

a. Mean stiffness and modulus calculated on the subgrade with the first and 

second loading cycles of the German Plate Load Test appear to be quite 



reasonable, with values for the second cycle being about 17 % larger than for 

the first cycle. On the base, however, stiffness and modulus were more than 

200% larger on the second loading cycle than on the first cycle. Considering 

the magnitude of this difference in stiffness between the first and second 

loading cycles on the base, the subgrade measuring twice as stiff as the base 

using data from the first loading cycle, and the consistent trend with the other 

devices of having a stiffer base than subgrade, it is concluded that the second 

loading cycle on the German Plate provided better estimates of base stiffness 

than did the first loading cycle. This may have been caused by the dense 

graded aggregate base surface being disturbed as it was leveled to improve 

contact with the load plate and some loose material being lefi on the surface. 

The second cycle measurement appeared to be more representative of the in- 

situ material. In view of the time required to set up the German Plate, it is 

recommended that two loading cycles routinely be recorded at each location 

and the results of the second cycle be adopted for the calculation of stiffness. 

b. Average stiffness and modulus of the subgrade and base layers were 

highest when calculated with measurements from the FWD, followed 

by the German Plate Load Test (second loading cycle) and the 

Humboldt Stiffness Gauge. 

c. There were only slight differences between average stiffness 

calculated on the subgrade and base layers with the small (3,500-4,500 

1b.f) and large (6,500-9,000 1b.f) FWD loads. These trends suggest 



nearly equal stiffness and a nearly linear response for the subgrade and 

base layers to these loads. 

d. With the exception of stiffness on the first load cycle on the German 

Plate Load Test, the stiffness and modulus of the base were larger than 

the stiffness and modulus of the subgrade using all three devices. This 

would be expected with a compacted dense graded aggregate base over 

a fine-grained clay subgrade. 

2. Variations in Stiffness and Modulus 

a. As shown in Tables 5.1, 5.2, 5.3 and 6.1, large variations were observed in 

base and subgrade stiffness and modulus at individual points along the 

length of the test section with the FWD and German Plate. Much smaller 

variations were noted with the Humboldt Stiffness Gauge. This is 

reasonable since the Humboldt only measures the stiffness of the upper six 

inches of material, which was closely controlled during construction with 

respect to material content and placement. Stiffness of the underlying 

support layers, largely unknown and likely nonuniform along the section 

length, is a factor in the FWD and German Plate measurements. 

b. The Coefficients of Variation are equal for the stiffness and modulus on 

single-layer structures because of the direct correlation between the two 

parameters. This is also true for the Humboldt Stiffness Gauge on multi- 



60 

layer systems because of its limitation to measuring the upper six inches of 

material. 

3. Laboratow Tests 

a. For subgrade material, resilient modulus determined in the laboratory were: 

About the same as moduli determined on site with the German 

Plate Load Test 

26% lower than moduli determined on site with the Hurnboldt 

Stiffness Gauge 

42% lower than moduli determined on site with the FWD 

b. For base material, resilient modulus determined in the laboratory were: 

20% lower than moduli determined on site with the German Plate 

Load Test 

40% lower than moduli determined on site with the Humboldt 

Stiffness Gauge 

62% lower than moduli determined on site with the FWD 

It is difficult to directly compare results of the FWD, German Plate Load Test and 

Humboldt Stiffness Gauge because they are measuring to different depths, they utilize 

different technologies to induce load and measure in-situ response, and different 

equations are used to convert surface deformation to layer modulus, particularly on two- 

layered pavement structures. Data obtained in this study indicate strongly that the devices 



do give similar magnitudes of stiffness and modulus, and similar trends in the data with 

regard to relative stiffness of the in-situ layers. 

The types of response being measured with these devices include: dynamic 

response to heavy loads dropped on the surface with the FWD, static response generated 

as load is gradually increased during the German Plate Load Test, and dynamic response 

to small excitations generated by the Humboldt Stiffness Gauge which limits its depth of 

effectiveness. Dynamic loads typically reflect higher material stiffness than static loads, 

and the measurement of stiffness to a greater depth in a nonuniform pavement structure 

will certainly increase variability within the measurements. 

The Humboldt Stiffness Gauge is an effective tool for monitoring the integrity of 

individual material lifts as they are constructed, since the measurements are limited to 

that lift. Conversely, the FWD and German Plate Load Test are effective in measuring the 

total composite stiffness of in-situ pavement structures. The FWD has a definite 

advantage over the German Plate Load Test in being faster, less labor intensive and able 

to provide much better coverage within a given period of time. If specific areas of the 

pavement are identified with the FWD as having unusually low stiffness, the Dynamic 

Cone Penetrometer can be used to identify the cause(s) of low stiffness and locate 

specific layers within the structure which will likely cause premature distress. Engineers 

can then assess the cost and benefits of correcting the problem early to extend the service 

life of the pavement, and avoid higher maintenance costs and public inconvenience later. 
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APPENDIX A: Raw Data for German Plate Load Test 





Table A.1:German Plate Load Test Raw Data for Suberade 

410+50 

411+50 

0.06 
0.1 
0.16 
0.2 
0.25 

0.06 
0.1 
0.15 
0.2 

0.004 
0.007 
0.01 1 
0.014 
0.01 8 

0.004 
0.007 
0.01 1 
0.014 

952 
1587 
2538 
3173 
3966 

952 

0.12 
0.2 

0.32 

0.12 

0.38 1 0.0150 

0.42 1 0.0165 

0.0047 
0.0079 
0.0126 

1587 1 0.18 
2380 1 0.24 
3173 1 0.28 

07/06/1999 

Dry Surface 

0.0047 

-. 

07/06/1999 
0.007 1 
0.0094 
0.01 10 

Dry Surface 



Table A.1:German Plate Load test Raw Data for Suberade 

412+50 0.050 

0.100 

0.150 

0.200 

0.240 

0.290 
0.200 

0.004 

0.007 

0.01 1 

0.014 

0.017 

0.020 

0.014 

793.258 

1586.517 

2379.775 

3173.034 

3807.640 

4600.899 

3173.034 

0.240 

0.640 

1.100 

1.520 

2.100 

2.600 

2.520 

0.009 

0.025 

0.043 

0.060 

0.083 

0.102 

0.099 

07/06/1999 

Dry Surface 



Table A.1:German Plate Load test Raw Data for Suberade 



Table A.1:German Plate Load test Raw Data for Subgrade 

J 

P 

0.1 

0.15 

0.19 

0.25 

0.28 

0.19 

0.25 

0.28 

0.007 

0.011 

0.013 

0.018 

0.020 

0.013 

0.018 

0.020 

1586.517 

2379.775 

3014.382 

3966.292 

4442.247 

3014.382 

3966.292 

4442.247 

1.02 

1.96 

2.84 

4.42 

5.04 

4.68 
4.4 

5.04 

0.0402 

0.0772 

0.1118 

0.1740 

0.1984 

0.1843 

0.1732 

0.1984 

Dry Surface 

1 



418+50 0.06 

0.1 
0.15 
0.2 
0.25 
0.3 
0.2 
0.1 

0.004 
0.007 
0.01 1 

0.014 
0.018 
0.021 
0.014 
0.007 

95 1.9 10 
1586.517 
2379.775 
3173.034 
3966.292 
4759.551 
3173.034 
1586.517 

0.2 
0.28 
0.4 
0.5 
0.68 
0.7 
0.66 
0.52 

0.008 
0.01 1 

0.01 6 

0.020 
0.027 
0.028 
0.026 
0.020 

07/06/1999 

Dry Surface 



Table A.1:German Plate Load test Raw Data for Suberade 

420+50 0.06 

0.1 

0.16 

0.2 
0.25 

0.28 

0.2 

0.1 

0.05 

0.1 

0.16 

0.2 

0.004 

0.007 

0.01 1 
0.014 

0.018 

0.020 

0.014 

0.007 

0.004 

0.007 

0.011 

0.014 

951.910 

1586.517 
2538.427 

3173.034 

3966.292 

4442.247 

3173.034 

1586.517 

793.258 

1586.517 

2538.427 

3173.034 

0.24 

0.3 
0.36 

0.44 

0.44 

0.48 
0.46 

0.4 

0.24 

0.32 

0.38 

0.42 

0.009 

0.012 

0.014 

0.017 

0.017 1 

07/06/1999 

Dry Surface 

0.01 9 
0.018 

0.016 

0.009 

0.013 

0.015 

0.017 



1427.865 2.44 0.096 
2379.775 4.5 0.177 Wet Surface 
3173.034 7.74 0.305 

I 

793.258 0.36 0.014 07/07/1999 
1586.517 1.26 0.050 
2379.775 2.48 0.098 Wet Surface 
3173.034 4.18 0.165 
3807.640 4.86 0.191 



0.1 
0.15 

0.007 

0.011 

1586.517 

2379.775 
0.62 
3.34 

0.024 

0.13 1 Wet Surface 





Table A.1:German Plate Load test Raw Data for Subgrade 

2379.775 4.98 0.196 Wet Surface 
3 173.034 7.14 0.28 1 

3966.292 8.46 0.333 

4759.551 8.48 0.334 

3173.034 8.48 0.334 

Wet Surface I 





Table A.2:German Plate Load test Raw Data for Base 





Table A3:German Plate Load test Raw Data for Base 





Table A.2:German Plate Load test Raw Data for Base 





Table A.2:German Plate Load test Raw Data for Base 



Table A.2:German Plate Load test Raw Data for Base 



Table A.2:German Plate Load test Raw Data for Base 



APPENDIX B: Method of Equivalent Thickness for the 
Calculation of GPLT Base Moduli 

(First and Second Sequence) 







Appendix 

Station No 

410.5 
41 1.5 

412.5 

413.5 

414.5 

415.5 

416.5 

417.5 

418.5 

419.5 

420.5 

42 1.5 

422.5 

423.5 

424.5 
425.5 

426.5 
427.5 

428.5 
429.5 

B.2: Method 

Base E2 
(psi) 

20000.0 

25000.0 

55000.0 
130000.0 

50000.0 

60000.0 

225000.0 

30000.0 

60000.0 

185000.0 
55000.0 

5000.0 

60000.0 

20000.0 

15000.0 

30000.0 
32000.0 

65000.0 

30000.0 

150.0 

of Equivalent 

Subgrade 
E3 (psi) 

26452.8 

29392.0 
681 1.8 

10136.0 

12163.9 

26888.6 

3861.7 

27845.0 

17635.2 

11756.8 
21286.8 

696 1.3 

2099.4 

3725.7 

1899.2 

8397.7 

7 108.3 

2750.5 

4276.1 

17635 1.8 

thickness 

H2 (in) 

6.0 
6.0 
6.0 

6.0 

6.0 
6.0 

6.0 

6.0 

6.0 

6.0 

6.0 ------ 
6.0 

6.0 

6.0 

6.0 
6 .O 

6.0 

6.0 

6.0 

6.0 

for the 

He (in) 

5.5 
5.7 
12.0 

14.0 

9.6 
7.8 

23.3 

6.2 

9.0 

15.0 
8.2 

5.4 
18.3 

10.5 

11.9 

9.2 

9.9 
17.2 

11.5 

0.6 

Calculation 

Fb 

0.7 

0.7 
0.4 
0.4 

0.5 
0.6 

0.2 

0.6 
0.5 

0.3 
0.5 

0.7 
0.3 

0.5 

0.4 
0.5 

0.5 

0.3 

0.4 
1 .O 

of GPLT 

q (small) 
psi 

42.1 
42.1 
42.1 

42.1 
42.1 

42.1 

42.1 

42.1 
42.1 

42.1 
42.1 

42.1 

42.1 

42.1 

42.1 

42.1 

42.1 
42.1 

42.1 

42.1 

Base( Second Sequence) 

R 

5.9 

5.9 

5.9 
5.9 
5.9 

5.9 
5.9 

5.9 
5.9 
5.9 

5.9 

v 

0.4 

0.4 
0.4 
0.4 
0.4 
0.4 

0.4 

0.4 

0.4 
0.4 
0.4 

68.5 
59.0 
61.4 

104.7 

32.3 

20.5 
49.0 

50.0 

87.0 

Deflection 
(lom3 in) 

17.4 
15.0 
29.4 
16.8 

20.9 
11.7 
25.9 

J4.6 
15.4 
13.5 
14.1 

5.9 67.3 

Deflection at 
site (lom3 in) 

18.1 
16.5 
28.3 
15.7 
21.3 
11.0 

20.5 
15.7 
14.2 
12.6 

15.7 -- 

5.9 
5.9 

5.9 

5.9 

5.9 
5.9 

5.9 

5.9 

0.4 

0.4 

0.4 
0.4 

0.4 

0.4 
0.4 

0.4 

61.1 

62.2 
106.4 

31.9 

34.7 

49.9 
49.3 

55.5 



APPENDIX C: Method of Equivalent Thickness for the 
Calculation of FWD Base Moduli 













APPENDIX D: Result of DCP Test on Subgrade at each 
Station 
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Figure D.32: Results of DCP Test on Subgrade at Station 425+50 























APPENDIX E: Results of DCP Test on Base at each Station 
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Figure E.29: Results of DCP Test on DGAB at Station 424+00 




























